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Abstract: Riparian vegetation in the lower reaches of Heihe River serves important ecological functions. However,
the riparian ecosystems have been constantly deteriorating in the past 30 years simply due to water interception for
oasis agricultural irrigation in the middle reaches of the river. This study pays a particular attention to Populus euphratica Oliv. forest because it is a dominant component of the riparian ecosystem in the lower reaches of Heihe
River where the depth of groundwater table is the controlling factor in sustaining riparian ecosystems. To reveal
leaf-related physiological responses of Populus euphratica Oliv. forest to groundwater table variations, we analyzed
the relationships between the depth of groundwater table (DG) and three leaf-related parameters, i.e. leaf stomatal
density (SD), specific leaf area (SLA), and stable carbon isotopic composition (δ13C). Our results show that the
relationship between DG and leaf SD is a bi-mode one shaped by both salt stress and water stress. That is, salt
stress appeared in shallow groundwater conditions and water stress happened in deep groundwater conditions, and
the thin layer around 2.7 m of DG is a stress-free layer. Leaf SD fluctuated according to the DG variation, first decreased with increasing DG, then increased at depths ranging 2.7–3.7 m, and after a relatively stable plateau of SD
at depths ranging 3.7–5.2 m, decreased again with increasing DG. Our results also show that SLA decreased exponentially with increasing DG and foliar δ13C values are also strongly dependent on DG, further demonstrating that
these two parameters are sensitive indicators of water stress. The exponential curve suggests that SLA is more
sensitive to DG when groundwater table is shallow and 3 m seems to be a threshold beyond which SLA becomes
less sensitive to DG. Foliar δ13C becomes more sensitive when the groundwater table is deep and 7 m seems to be
a threshold below which the δ13C signature becomes more sensitive to DG. These findings should be helpful in
monitoring the growth and development of Populus euphratica Oliv. forests and also in providing protection
measures (i.e. DG related) for Heihe River riparian forests.
Keywords: Populus euphratica Oliv.; stable carbon isotopic composition; stomatal density; specific leaf area; groundwater table

Riparian vegetation builds narrow strips of ecological
refugees along rivers in arid areas and serves various
ecological functions (Naiman and Décamps, 1997)
which include maintaining water quality, sustaining
biodiversity, and even preserving landscape aesthetics
(Nilsson et al., 1997; Sidle, 2004). The ecological
importance of the riparian ecosystems in the low

reaches of Heihe River has long been ignored simply
due to the fact that water use for oasis agricultural irrigation has been the highest priority (Ji et al., 2006).
However, the signs of ecological crisis resulted from
overuse of water for oasis agricultural irrigation in the
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middle reaches of Heihe River (e.g. the decline of groundwater table, associated disappearance of riparian
vegetation, and consequential desertification) has recently motivated a new governmental initiative to restore the deteriorated ecology along the rivers. Heihe
River, one of the three large inland rivers in the Hexi
Corridor, is a typical example of aforementioned deteriorating riparian ecosystems. This research pays a
particular attention to Populus euphratica Oliv. forest
because it is a dominant component of the riparian
ecosystem in the lower reaches of Heihe River (Ma et
al., 1997). It is well documented that the covering area
of Populus euphratica Oliv. forest has shrunk from
2.94×104 hm2 to 2.06×104 hm2 in the past 30 years
primarily due to continuous decline of the groundwater table caused by water interception for agricultural irrigation in the middle reaches (Zhang and
Shi, 2002). To reveal the physiological responses of
Populus euphratica Oliv. forest to groundwater table
variations, this study focused on leaf-related physiological characteristics (including stomatal density, specific leaf area, and stable carbon isotopic composition)
of Populus euphratica Oliv. trees growing under different groundwater tables. It is expected that the
adaptation mechanism of Populus euphratica Oliv.
forest to drought can be better understood and that
constructive protection measures for the species can
be thus promoted.
Many studies have shown that drought stress can
imprint traceable physiological traits on plants (Royer,
2001; Liu et al., 2006; Säumel et al., 2010) and the
aforementioned three leaf-related parameters (i.e.
stomatal density, specific leaf area, and stable carbon
isotopic composition) were reported to be such traceable physiological traits particularly for Populus euphratica Oliv. trees (Liu et al., 2006; Li et al., 2010).
It should be stressed that leaf, as the photosynthetic
and respiration organ of plants, is the most sensitive
sensor to the environmental factors (Klich, 2000) and
thus leaf-related physiological parameters or
indicators should have left traceable traits (Farquhar et
al., 1989; Royer, 2001; Liu and Stüzel, 2004).
Leaf stomatal density (SD) is indicative of physiological response to environmental factors because
stoma is a gateway for plants to exchange water and
CO2 with the atmosphere. In other words, the leaf
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stomatal density (SD) controls the efficiency of the
exchanges (Tichá, 1982; Ceulemans et al., 1995; Elias,
1995). Leaf SD is reported to be a reasonable indicator
of soil moisture condition or water accessibility for
natural ecosystems or crops (Yang and Wang, 2001;
Wang et al., 2007; Yang et al., 2007), although contradicting results were also reported (Xu and Zhou,
2008; Yadollahi et al., 2011). Specific leaf area (SLA)
is the ratio of fresh leaf area to dry weight (Kitajima
and Poorter, 2010) and is also reported to be sensitive
to soil moisture conditions or water accessibility
(Retuerto and Woodward, 1993; Tardieu et al., 1999;
Nautiyal et al., 2002; Anyia and Herzog, 2004). Although stable carbon isotopic composition (i.e. δ13C) is
generally controlled by photosynthetic pathways, the
composition is strongly affected by many environmental factors (Farquhar et al., 1989; Liu et al., 2004),
soil moisture or water accessibility being the predominant one (Chen et al., 2002; Ma et al., 2007).
Many studies have shown that foliar δ13C values are
negatively correlated with precipitation, and the negative correlation is more distinctive in arid areas than in
moist areas (Farquhar et al., 1989; Williams and
Ehleringer, 1996; Zheng and Shangguan, 2007).

1 Materials and methods
1.1 Study area
Our study area, the lower reaches of Heihe River
(41°48′–42°42′N, 100°10′–101°30′E) (Fig. 1), is located in a hyper-arid desert in Northwest China where the
mean annual precipitation is only 41 mm and the mean
annual evaporation is as high as 3,700 mm. The mean
monthly temperature is 26.3ºC in July and is –12ºC in
January. It is obvious that the precipitation is ecologically insignificant and the groundwater is the only
water source for plants. Our field observations show
that the population density (PD) of Populus euphratica Oliv. trees is highly dependent on the depth of
groundwater table (DG) (Fig. 2). Specifically, the
population density is rather high where the groundwater table is less than 3 m (Fig. 2); the density is
much reduced where the groundwater table is between
3 and 5 m (Fig. 2b); and the density is very low when
the groundwater table is beyond 5 m (Fig. 2c).
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Location of the study area and distribution of sampling points in the lower reaches of Heihe River

Fig. 2 The population density (PD) of Populus euphratica Oliv. trees with different depths of groundwater table (DG). a, PD is rather high
where DG is less than 3 m; b, PD is much reduced where DG is between 3 and 5 m; c, the density is very low when the groundwater table
is beyond 5 m.
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1.2 Field sampling
In August 2010, 42 plots of Populus euphratica
Oliv., 40 m in radius, were selected according to the
different groundwater tables along the East River
(Fig. 1). We located the center of each plot with
hand-held GPS. In each plot, the distance of each
tree from the center was measured using a laser
altimeter and the azimuth angle of each tree was
recorded by a compass. The height (H), diameter at
breast (DBH), and ratio of died branches to full
branches (RBF) of these sample trees were
measured. Population density (PD) of Populus euphratica Oliv. was obtained in each plot after
investigation. Additionally, the depths of groundwater table (DG) were measured by observation
wells in or near each plot at monthly interval in
2009 and 2010. The leaves of Populus euphratica
Oliv. were collected. About 30 to 40 pieces of
healthy leaves were picked from the four directions
(east, south, west and north) in the upper, middle
and bottom parts of trees’ canopy within each plot.
1.3 Measurement of stomatal density
Field-collected and well-preserved fresh leaves were
gently washed first and then dried at room temperature.
Each of the dried leaves was painted with clear nail
varnish in the upper, middle and bottom parts to form
imprint of the leaf (Fig. 3a). The imprinted varnish
was allowed to dry for 20–30 min and then gently
peeled off with adhesive cellophane tape. The epider-
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mal imprint was placed on a microscopic slide and
covered with a cover slip. All of prepared epidermal
imprints were examined with a microscope (DM6000,
Leica, Germany) at a magnification of 100 and also
photographed (Fig. 3b). Five microscopic fields of
each slide were randomly selected with each field
having a size of 661 μm×881 μm. Stomatal number
was obtained using an image processing program. The
image processing involves three steps: 1) to classify
stomatal photos using object-oriented classification
method in eCognition software (Fig. 4a); 2) to input
the classified images into ArcGIS to calculate the total
number of stomatal pixels and also the total area of
stoma in a microscopic filed (Fig. 4b); 3) to calculate
SD by dividing the area of a microscopic field with the
counted number of stomata.
1.4 Measurement of specific leaf area
About 10–20 leaves were randomly selected from
each sampling plot and the leaf area of each randomly
selected leaf was measured with a KP-90N scanner
(KP-90N, Koizumi, Japan). The scanned leaves were
dried at 75ºC in an oven for 48 h and then weighted.
The SLA was calculated as follows:
n

SLA =

∑ Si
i =1

W

.

(1)

Where, W is the weight of dry leaves collected from
each one of the sampling plots and Si refers to the area
of a single leaf.

Fig. 3 Materials for the measurement of stomatal density. a, leaf sample of Populus euphratica Oliv. tree (three epidermal imprints were
obtained from the three white boxed areas); b, photograph of stomata (oval shaped dark spots) taken by Leica DM6000 Microscope.
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Fig. 4 Image processing for the measurement of stomatal density. a, result of image classification using eCognition software; b,
stomatal counting by ArcGIS (the red spots are stomatal grids).

1.5 Measurement of stable carbon isotopic composition (δ13C)

optimal relationship between DG and PD can be expressed by the hoerl model, as follows:

Field-collected leaf samples from each one of the
sampling plots were gently washed using deionized
water and dried at 80ºC in an oven for 48 h. The dried
samples were ground into powder with a mortar and
pestle to form a powder sample and then 7 mg of the
powder sample was burned in excess of O2. The
carbon isotopic composition was determined with
Delta Plus mass spectrometer (EA-DELTAplus, Finnigan, American). The δ13C value for each sample was
calculated using the following equation:

PD = 4.557 ×10−4 × 0.989 DG × DG 2.92 , R 2 = 0.87. (3)

13

δ C = ( Rsample / Rstandard − 1) × 1000.

(2)

Where, Rsample is the ratio of 13C/12C of the leaf
samples and Rstandard is the ratio of 13C/12C of standard
materials. As tested, the precision of the δ13C was 0.1 ‰
against a standard with known isotopic composition.
1.6 Statistical analysis
Simple linear regression analyses (SPSS 11.5) were
performed to examine the relationships of DG (depth
of groundwater table) with three measured parameters
(i.e. SD, SLA and δ13C) of Populus euphratica Oliv.
trees. The equations of the best-fitting curve estimation between DG and the three parameters were obtained by Curve Expert software (version 1.4).

2 Results
2.1 Summary of measurements in sampling plots
The investigation results of 42 plots were shown in
Table 1. According to analysis we have found that the

That is, PD increases with the increase of DG, reaches
its maximum when DG=2.7 m, and then decreases
gradually. The optimal relationship between DG and
RBF can be expressed by the 3rd degree polynomial
model. It presents as:
RBF = −5.98 + 0.45 DG − 8.24 × 10−4 DG 2 +
5.66 × 10−7 DG 3 , R 2 = 0.76.

(4)

RBF increases clearly with the increase of DG.
2.2 Variation of stomatal density
The stomatal density (SD) of Populus euphratica Oliv.
trees from the 42 sampling plots ranges from 105 to
218 pore/mm2 with a mean value of 158.4 pore/mm2,
and the relationship between SD and DG is not linear
as shown in Fig. 5. Specifically, SD decreases drasticcally with increasing DG, reaching its first minimum
at a depth of 2.7 m (105 pore/mm2), and then bounces
back to a high level at 3.7 m of DG (210 pore/mm2).
After a relatively stable plateau of SD (195–210
pore/mm2) at the depths ranging 3.7–5.2 m, SD decreases again with increasing DG, reaching its second
minimum at a depth of 8.5 m. It should be particularly
noted that Populus euphratica Oliv. forest is not the
dominant component of riparian ecosystem any longer
where the groundwater table is too shallow. The riparian vegetation including Populus euphratica Oliv.
forest gives away to desert vegetation where the
groundwater table becomes rather deep.
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Table 1 Population density (PD), height, diameter at breast (DBH), ratio of died branches to full branches (RBF) and the depth
of groundwater table (DG) in the 42 sampling plots
Height (m)

DBH (cm)

No.

DG (cm)

PD (Tree/hm2)

1

548

47.78

2

345

477.60

3

205

103.50

4

290

668.80

5

231

135.30

6

283

63.69

20.6

10.7

9.2

298

233

166

11.06

7

300

350.00

9.5

6.6

4.3

254

208

186

19.75

8

315

246.80

9.9

8.4

5.3

242

211

131

18.45

Max.
11.3

Mean

Min.

Max.

Mean

Min.

RBF (%)

8.4

6.6

210

158

142

36.99

8.4

6.5

3.2

157

149

133

21.22

13.6

10.7

8.5

205

135

107

3.27

8.5

6.3

5.4

60

53

40

15.53

12.0

9.1

6.4

174

131

109

10.01

9

217

111.40

16.7

12.5

8.0

270

174

123

7.50

10

359

103.50

17.6

12.4

8.1

266

196

159

21.74

11

522

39.80

17.3

15.6

10.0

301

256

210

31.93

12

331

326.40

21.0

16.5

13.0

296

240

207

18.03

13

603

21.05

10.5

8.0

7.6

110

97

80

46.27

14

220

198.20

11.9

9.3

8.4

180

158

96

9.64

15

208

111.40

8.8

7.9

5.5

203

184

133

3.87

16

415

71.64

9.1

6.4

3.7

202

152

113

27.72

17

846

7.96

15.1

15.1

15.0

360

360

360

81.04

18

503

31.84

17.3

14.4

9.7

297

233

113

41.72

19

270

95.54

13.3

10.8

6.7

243

165

157

9.79

20

423

15.92

10.2

10.0

9.8

156

144

132

24.95

21

766

15.92

15.0

13.2

11.0

310

280

250

54.99

22

743

47.78

14.7

12.8

11.0

230

169

144

54.29

23

780

7.96

9.5

9.5

9.5

140

140

140

62.00

24

751

55.72

23.0

14.1

11.0

310

272

246

59.25

25

777

7.96

20.1

20.1

20.0

427

427

427

63.95

26

805

7.96

18.2

18.2

18.0

268

268

268

68.03

27

468

127.40

12.1

9.0

7.9

166

148

121

31.33

28

198

828.00

8.1

6.4

5.3

55

43

29

2.45

29

378

222.90

11.3

8.7

5.6

178

154

132

23.98

30

434

63.69

19.5

16.5

15.0

210

193

177

31.09

31

201

191.00

11.0

7.4

4.6

90

68

57

3.41

32

366

183.10

8.8

6.5

4.4

198

122

10

21.13

33

339

63.69

12.6

9.1

4.5

126

81

65

19.86

34

280

80.00

11.9

8.3

6.1

253

162

126

10.53

35

710

55.73

23.0

18.5

13.0

295

217

187

43.33

36

327

262.70

14.4

10.4

5.1

223

188

145

18.87

37

347

660.70

11.7

9.3

7.6

289

214

144

21.49

38

402

143.30

13.0

8.0

6.4

130

119

87

21.84

39

211

72.37

13.8

10.3

8.4

308

144

119

4.85

40

394

199.00

12.0

11.3

9.5

233

215

188

21.84

41

457

175.10

27.0

18.0

16.0

440

338

301

33.00

42

725

15.92

21.0

15.6

10.0

236

221

206

31.09
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deep and 7 m of DG seems to be a threshold beyond
which the δ13C signature becomes more sensitive to
DG.

Fig. 5 Variations of stomatal density (SD) with the depth of groundwater table (DG)

2.3 Variation of specific leaf area
The specific leaf area (SLA) value of Populus euphratica Oliv. trees from the 42 sampling plots ranges
from 5.35±0.15 to 11.84±0.29 m2/kg. SLA decreases
exponentially with increasing DG as shown in Fig. 6.
The exponential curve suggests SLA is more sensitive
to DG when groundwater table is shallow and 3 m of
DG seems to be a threshold beyond which SLA becomes less sensitive to DG.

13

Fig. 7 Variations of stable carbon isotopic composition (δ C)
with the depth of groundwater table (DG)

2.5

Interrelationships among SD, SLA and δ13C

The paired relationships among the three analyzed
parameters (i.e. leaf SD, SLA, and foliar δ13C) were
examined and no relationships of SD with SLA and
δ13C were found. But, a strongly negative correlation
between SLA and δ13C values is unequivocally expressed as shown in Fig. 8 with R2 being as high as
0.82 (n=42, P<0.01).

Fig. 6 Variations of specific leaf area (SLA) with the depth of
groundwater table (DG)

2.4 Changes of foliar δ13C
The δ13C value of Populus euphratica Oliv. leaves
from the 42 sampling plots ranges from –(25.5±
0.43)‰ to –(30.21±0.63)‰. Like SLA, the δ13C is
also strongly dependent on DG as shown in Fig. 7.
The trend curve in Fig. 7 suggests that the δ13C becomes more sensitive when the groundwater table is

13

Fig. 8 Relationship between specific leaf area (SLA) and δ C
values

3 Discussion
3.1 Variation of leaf stomatal density
The leaf stoma, a pivotal gate controlling the exchange
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of CO2 and water vapour, plays a major role in the
response of plants to environmental stress (Xu and
Zhou, 2008). The relationship between stomatal density and water stress has been paid much attention.
Several reports have shown a linear decreasing trend
of leaf stomatal density (SD) of Alhagi sparsifolia,
Phaseolus vulgaris, Phragmites communis, and Populus euphratica Oliv. with increasing water stress
(Zhang et al., 2004; Martínez et al., 2007). While
other reports showed an opposite trend of Leymus
chinensis and Vicia faba (Spence et al., 1986; Chaves
et al., 2003; Yang et al., 2007). Relevant to this study
is a bell-shaped relationship between SD and water
stress reported by several researchers (Liu et al., 2006;
Xu and Zhou, 2008). Our results show that stomatal
density has a bell-shaped relationship between leaf SD
and water stress for the depths of groundwater table
ranging 2.7–8.5 m (Fig. 5). That is, leaf SD first increased and then decreased with increasing water
stress. Liu et al. (2006) reported that stomatal densities
of leaves from several varieties of Jujube also have
similar patterns under a drought gradient. The increasing trend of leaf SD with increasing water stress
was proven to have resulted from the reduction of leaf
area to reduce transpiration with stomatal number remaining as a constant (Chaves et al., 2003; Gazanchian et al., 2007). The decreasing trend of leaf SD
with continuously increasing water stress after the leaf
SD peak was proven to have been caused by the reduction of stomatal number and was in turn caused by
the inefficiency in cell division and stomatal development (Aguirrezabal et al., 2006; Xu and Zhou,
2008). The peak or plateau is a transitional or
self-adapting area from leaf-area reduction to
stomatal-number reduction.
As mentioned earlier, this study did document a
bell-shaped relationship between leaf SD and water
stress for the depths of groundwater table ranging
2.7–8.5 m. But, a steep leaf SD declining trend for the
depths of groundwater table between 2.0 and 2.7 m is
our new finding (see Fig. 5). That is, this study appears to be the first to report a bi-mode relationship
between leaf SD and water stress, and here water
stress refers to the depth of groundwater table (DG).
The bi-mode relationship exhibits two leaf SD minimums (one at 2.7 m and another at 8.5 m of DG) and
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two leaf SD maximums (one at 2.0 m and another at
3.7 m of DG). We think that the bell-shaped section of
the leaf SD variation curve between 2.7 and 8.5 m of
DG can be explained by the same rationale for explaining the bell-shaped relationships proposed by
several researchers (Liu et al., 2006; Xu and Zhou,
2008). But, the difficulty lies in explaining the declining trend of leaf SD with increasing DG within the
shallow portion of groundwater tables (between 2.0
and 2.7 m). The drastic decreasing trend within the
shallow portion of groundwater table suggests that the
leaf SD variations are independent of water stress and
that other ecological factors may take over the responsibility. Here, the first suspect we have is salt that
was effectively accumulated around the water table
depth under a shallow groundwater-table condition
through soil-water evaporation and also through soil
capillary actions, as evidenced in the work from Tarim
Basin (Zheng et al., 2005).
To sum up, salt stress appears in shallow groundwater conditions (less than 2.7 m) and water stress
happens in deep groundwater conditions (larger than
2.7 m), the thin layer around 2.7 m probably being a
stress-free zone (neither salt stress nor water stress).
Leaf SD fluctuated according to the DG variation, first
it decreased with increasing DG, then increased at DG
ranging 2.7–3.7 m, and after a relatively stable plateau
of SD at DG ranging 3.7–5.2 m, decreased again with
increasing DG (Fig. 5). It should be indicated that the
5.2 m threshold of DG is approximately in agreement
with the lower limit of water-stress threshold reported
by Chen et al. (2003) and the 8.5 m threshold of DG is
approximately in agreement with the upper limit of
water stress threshold reported by Zhang et al. (2004).
3.2 Variation of specific leaf area
Specific leaf area (SLA, m2/kg), the ratio of fresh leaf
area to leaf dry mass, influences leaf physiology,
photosynthesis, and whole plant carbon gain. Therefore, it becomes an important ecophysiological parameter, widely used in ecosystem process-based models (Landsberg and Waring, 1997; Sands and Landsberg, 2002; Battaglia et al., 2004; Corbeels et al., 2005)
or canopy gas-exchange models (Davi et al., 2008).
However, it also is affected by environmental conditions such as soil water status, light, and nitrogen sup-
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ply (Li et al., 2000; Roderick et al., 2000; Whitehead
and Beadle, 2004; White and Scott, 2006; Pinkard et
al., 2007), and thus used as an indicator of leaf
structure to environmental stress. The relationship between variations in SLA and water availability has
been much reported. Specific leaf area exhibits considerable phenotypic plasticity with water gradients,
and commonly decreases with decreasing soil water
availability (Pierce et al., 1994; Medhurst et al., 1999;
Roderick et al., 2000; Turner et al., 2008). The same
results were also observed in our study area: the
specific leaf area (SLA) value of Populus euphratica
Oliv. showed its large plasticity ranging from 5.35 to
11.84 m2/kg; SLA decreases exponentially with increasing DG (Fig. 6). The decreasing trend of the leaf
area was a result of the physiological response of Populus euphratica Oliv. trees to increasing water stress (i.e.
increasing DG) to reduce transpiration. It has been reported that SLA is determined by both leaf density and
thickness, meaning that SLA is inversely proportional to
them. The canopies of Populus euphratica Oliv. forests
are generally open to allow for uniform light distribution
within the canopies, which can result in less effect of
leaf density on SLA. But the increases of the internal
tissue density of leaves, being the feature of xerophytic
structure, can cause SLA to decrease.
3.3 Changes of foliar δ13C
Plant foliar δ13 C is mainly controlled by photosynthesis and is also influenced by many environmental factors (Farquhar et al., 1989; Liu et al., 2004).
Water condition is regarded as an important factor
affecting δ13C values in arid regions (Chen et al., 2002;
Ma et al., 2007). It has been reported that the foliar
δ13C values of C3 desert plants range from –21‰ to
–29‰ in the desert areas (Rundel et al., 1999). Our
results showed that the δ13C values of Populus euphratica Oliv are between –(25.51±0.43)‰ and
–(30.21±0.63)‰. The relationships between plant
δ13C signature and soil moisture or water accessibility
in arid area were recently reported. For example, Ma
et al. (2007) reported a strong negative correlation
between Reaumuria soongorica foliar δ13C and soil
water content based on plant samples obtained from
northwestern China. They found that the main factor
affecting δ13C values in the desert was soil water con-
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tent (SWC). Chen et al. (2002) reported a robust negative correlation between Leymus chinensis foliar δ13C
signature and soil water content in Xilin River Basin
of Inner Mongolia. Our results show that δ13C values
increase with the increase of DG (Fig. 7). In our study
area, the mean annual precipitation is only 41 mm.
Soil water content (SWC) is mainly contributed by
groundwater through capillary action. The deeper DG
is, the weaker the capillary action is. In other words,
SWC decreases with the increase of DG. Therefore,
we concluded that δ13C values are significantly and
negatively correlated with SWC, which corresponds to
the above results. In order to adapt themselves to arid
environments, plants take many adaptive strategies
such as reducing water evaporation and closing stoma
partly, as a result δ13C values increased. Furthermore,
a number of experiments conducted in other areas
concluded that stomatal conductance and photosynthetic discrimination under water-stressed conditions are normally enriching 13C signals in C3 plant
species (Bowling et al., 2002; Lee et al., 2005; Feng et
al., 2008). Our study shows that foliar δ13C values of
Populus euphratica Oliv. trees increase with increasing water stress (i.e. increasing DG), being in a good
agreement with the results from the Mongolian Plateau (Lee et al., 2005; Feng et al., 2008) and other
areas (Bowling et al., 2002).
As mentioned earlier, SLA is inversely proportional
to both leaf density and thickness. The decreasing
trend of SLA is mainly due to the increase of the
internal tissue density of leaves (i.e. thickness) with
increasing water stress, and increase of leaf thickness
can influence stomatal conductance and photosynthetic discrimination, which causes the increase of δ13C
values. In other words, δ13C values decrease with the
increase of SLA (Fig. 8).

4 Conclusions
Groundwater is a crucial ecological factor to affect
physiological traits on Populus euphratica Oliv. and,
in turn, influence the growth status of the species in
the study area. There is a bi-mode relationship between SD and water stress. Salt stress appears in shallow groundwater conditions (less than 2.7 m) and water stress happens in deep groundwater conditions
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(larger than 2.7 m), the thin layer around 2.7 m probably being a stress-free zone (neither salt stress nor water stress). SLA decreases exponentially with increasing DG. The bigger foliar δ13C values of Populus euphratica Oliv. trees are, the more seriously the species
suffers from water stress. Populus euphratica Oliv.
has a low productivity due to water stress. Therefore,
the niche of the species must be paid more attention

Vol. 4

for protecting Populus euphratica Oliv. from extinction in the study area.
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